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The laser-induced breakdown fields for fused Siz, single crystal NaCl and
air ware measured at 1.06 um for laser pulsewidths ranging from 40 psec to 31
nsgc, These expariments reoresent the first such maasurements over a ranne of
109 1n pulsewidth while keeninn othar narameters such as spaciman, laser fra-
quency and focal volume constant. The laser-induced breakdorm fields of fused
Si02 and single crystal HaCl ware found to be only slightly dependent on pulse-
width, 1.e., Eg~ tp™* where x s 1/8, whereas the air breakdown field variad as
E§~ to-%. The NaCl and S10p rasults are in sharp contrast to the predictions
0 va?tous models [1,2) and nrevious published nulsewidth dependence data (2,
3]. The work of PETTIS et al. [1] predicts that the breakdown threshold fleld
will scale as t,™Y. In contrast, work by SHITH et al. [3] tndicated an approx-
imately t;~% dependence of the breakdown field for HaCl using pulses in the
picosacond region. The latter workers compared their 30 psec data with pre-
vious data from FRADIN et al. [4]). SMITH et al. [3] attempted to correct their
data for self-focusing affects by using the tichnigul proposed by ZVEREV and
PASHKOV (6] but did not simflarly reduce the data from FRADIMet al. [4], even
though the laxter authors exceeded the critica)l power for salf-Tocusing by as
much as an order of magnitude. In addition, the measuremants perfo by
these two groups were taken with diffarant focal volumes. Recant work has
shown that in many cases laser-induced breakdown 1s dependent on focal volume
and varias greatly among specimans of a given material [6,7]. Thus, pulsewidth
depandence data is difficult to interpret unless all other parsmaters are held
constent and the same specimen s used at all pulsewidghs.

Tha lasar source for the picosecond data presentad In this vOrk was a pas-
sivaly mode-locked (uantel, Hd:YAR system operating at 1.06 ym. A single pulse
from the moda-locked train was switched out and amplified to produce single
pulses of maasured Gaussian intensity profile and Raussian tempora) distribu-
tion, The temporal pulsewidth was variable betvaen 30 and 200 psec by selec-
ting various etalons as the output counler. The width of each oulse was deter-
minad by monitoring the ratio, R, of the square of the energy in tha fundamen-
tal (1.06 wm) to the enarny in the second harmonic produced in a Lilﬂz crystal.
This ratio s directly ﬂroportlonal to the pulsawidth and was calibrated by
waasuring the pulsswidth using second harmonic autocorrelation scans and ac-
capting only a narrow range in ratios, R, Damage data was then selacted ac-
cording to the temporal u?dth of individual pulses. The breakdown threshold
was taken to be that intensity at a given pulsewidth which produced damage 60%
of the time. Each site vas frradiated only once. The snerqy on target vas
varied by changing the angle betwesen a calibratad pair of Glan polarizers.

The nanosecond data was taken on the game las using a Q-sviitched Wdiglase
laser. Tha sama focusing lensas wers used, and tha snergy monitor wes déi-
rectly calibrated with tha one used for the picosecond measurements.
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A tabulation of tha RMS breﬂkdnwn electric fields, kg, of Sioz, HlCl
air for focused spot sizes (1/e¢ half-width in intensit ‘ of 5.0,
19.3, and 19,3 ym and for varfous optical pulsewidths (FHMM) in psec

The results of our measurements over a range of 103 in pulsewidth for focal
spot radii from 5.0 to 19.3 um are susmarized in Fig,1. Salf-focusing effacts
.ware neglected in calculating the breakdown fields. Some workers claim that
observed dependences of breakdown fields on focal spot radii are due to self-
focusing [3,5), and they scale their results in accordance with the technique
suggestad h{ IVEREV and PASHKOV [6). ZVEREV and PASHKNV [5] prndﬂ;& that a

plot of P? 18 the power at which breakdown occurs) versus Wy ylllul a
straight Tine g van by
% -] =
Pﬂ‘ a Z(IB luuzj + Per ! (1)

whara Pep Is the critical power for self-focusing and Iy 1s the breakdown in-
tensity. The basic assumption of this procedure is tha Ig 13 the intrinsic
breakdown intensity and {s independent of the focal spot radius.” 1€ Vs clearly
saen from Fig.2 that this scaling technique cannot be used for our exneriments,
All of tha data for the different oulsewidths follows a similar pattern and
cannot be it to a stratght 1ine. ODeviations from the straight line fit for
large sgoz sizes have beean noted nreviously [3]. Such data have been disre-
garded by arqguing that for large focal radii and powers near Prq, the constant
shape solution to the nonlinear vave equation (on which the ZVEEE\J and PASHKOV
(6] procedure is based) is no longer valid. However, the arqument cannot ex-
plain the small focal radii data shown in Fig.2.

It has bean clearly established that with the possible exception of a small
mmbar of specimens tested by MAHENKOV (6], the laser-induced braakdoun flelds
are not intrinsic, and vary greatly even for snecimens of a given material from
ths same supplier [7,8,9]. This violation of the basic assumption that the
damapae 15 intrinsic casts doubt on nreviously published data where the IVEREV
adl (6) scaling was used to interpret breakdovm thrasholds.
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\le conclude that the role of self-focusing in these experiments cannot be
determined, and therefore, the data presented in Fig.1 do not include any self-
fncusina corractions (aven though Pg exceeds many estimates M—Pu‘). This ap-
parant discrepancy with self-focusing theory can be explained by Tncluding t
effact of plasma defocusing. 1t has baen shown that tha naegative nonlinear
indéx of refraction, np, due to free electrons produced by the intense oEtical
fields counters tha positive n, resulting from bound electronic effects [7,8].

The pulsewidth dependence as shown in Fig.3 1s important for understanding
the basic machanisms of laser-induced failure. Only part of Jhe data of Fig.l
is shown in Fig.3 but that shown 1s typical of all the data, Air breakdown was
observed to scale as tp~™% as predicted by the simple avalanche theory; howaver,
bulk damage in both 5102 and HaCl show a much slover dependence on tp than pre-
dictions of varfous models and previous [1,2] pulsewidth dependence data [2,3).
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Fiq.3 The normalized RMS breakdown field versus normalized temporal pulse-
vﬂﬂ'ﬂl at 1.06 ym. The breakdown field was normalized by dividing the field by
the breakdown fleld at the shortest pulsewidth employed for that mataris) and
spot s1ze. The pulsewidth was then scaled by tha shortsst pulsewidth, For
example, the breakdown field for S10; at a spot size of 6.0 yam was determined
by normalizing tha breakdown field by 30.1 IW/cm and the pulsewidth by 43 psac
(se@ Fig.1). This normal{zation assures that the intercept goes throygh 1.0
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For example, the fit of data from [1] and [4] to predictions based on d.c.
breakdown theory has been interpreted as evidence for the avalanche breakdown
model., The t,~k dependence of the breakdown field determined in [3] was used
to scale 30 pgoc data at 1.06 um to 21 psec so that frequency dapendence ba-
tween 1.06 and 0.53 yn could be examined [10]. As a result of this scaling,
the breakdoun fields at 0.53 um are found to be qreater than those at 1.06 pm
further supporting the avalanche model. However, if the scaling rasults for
llaCl and $10, shown in Fi9.3 are used instead, the breakdown field at 0.53 um
would ba lowar than at 1.06 ym and would indicate that avalanche breakdown was
not the damsge mechanism,

There are laser-inducad breakdown theories which predict very weak pulse-
vidth dependence similar to the bu)k damage results presented here. For ex-
ample, SPARKS [11] predicts a tp,"Y® scaling of the laser-induced breakdown
fields. BRAUNLICH, et al. [12] Rave pointed out that multiphoton processgs
should become increasingly more important as laser pu]seuidth decreases.
They predict that in tha absence of an avalanche, t,- u(EH)"*| vhere n 1s the
order of the multiphoton process. The band gap of glo and HaCl 1s approxi=
mately 7.8 eV, Direct excitation of electrons across ghe gap would be a 7
photon process for those na‘friuls at 1.06 uym for which case the nulseviidth
dependence would be Eg=t,~"8 Although 1t is unlikely that direct excita-
tion of electrons across the gap is the mechanism for laser induced failure
of NaCl and 5i0p, this and previous [7,8] pulsewidth dependence stuwdies indi-
cate that multiphoton processes may play a more important role in laser-induced
breakdown than was previously thought. The data of Fig.1 are qualitatively
consistent with the multiphoton-initiated avalanche breakdown model nresented
in Rafs. 7 and 8 [13].
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